Purpose Cell-free DNA (cfDNA) which is present in the blastocoel cavity of embryos is believed to result from physiological apoptosis during development. This study assessed cfDNA content and caspase-3 protease activity in day-5 IVF blastocysts to determine if there was a correlation with embryo morphology. Methods Day-5 IVF blastocysts were scored according to the Gardner and Schoolcraft system (modified to generate a numerical value) and cfDNA was collected following laser-induced blastocoel collapsing prior to cryopreservation in 25 μL of media. cfDNA was quantified via fluorospectrometry and apoptotic activity was assessed via a caspase-3 protease assay using a fluorescent peptide substrate. Data were compared by linear regression. Results A total of 32 embryos were evaluated. There was a significant (p < 0.01) and positive correlation (cfDNA = 104.753 + (11.281 × score); R 2 = 0.200) between embryo score and cfDNA content. A significant (p < 0.05) and positive correlation (cfDNA = 115.9 + (0.05 × caspase-3); R 2 = 0.128) was observed between caspase-3 activity and cfDNA levels. There was no significant relationship between caspase-3 activity and embryo morphology score. Conclusions This study provides further evidence that cfDNA is present in blastocoel fluid, can be quantified, and positively correlates with embryonic morphology. There is also evidence that at least a portion of the cfDNA present is from intracellular contents of embryonic cells that underwent apoptosis. Additional studies are warranted to determine other physiological sources of the cfDNA in blastocyst fluid and to determine the relationship with cfDNA content, embryo morphology, and chromosomal ploidy status plus implantation potential.
Introduction
In vitro fertilization (IVF) accounts for 99% of assisted reproductive technology (ART) procedures. The main challenge of IVF ultimately is to select the single best embryo that has the greatest implantation potential and subsequently, the greatest chance of developing full-term. To optimize embryo implantation potential, embryo grading via subjective and objective embryo morphology is currently used; however, it has limitations in determining overall embryonic viability [1] . Some of these limitations include comparing, grouping, and stratifying embryos statistically in order to determine the most viable embryo for implantation [2] .
To increase the success of selecting a viable embryo, preimplantation genetic testing for aneuploidy (PGT-A) assesses the ploidy status of the embryo(s). However, PGT-A is invasive due to its biopsy of trophectoderm (TE) cells from the embryo itself and researchers are looking for alternative ways to determine embryo viability, including cell-free DNA analysis that has recently emerged as a promising approach.
The presence of cell-free DNA (cfDNA) in the circulation was first documented in adult serum in 1948 [3] . The source of the cfDNA was thought to be derived from circulatory lysed cells as well as apoptotic events [4] . Fetal cfDNA was then discovered in the maternal circulation, which prompted researchers to look further at cfDNA from the embryo. Cell-free DNA has since been found to be present within the amniotic fluid as well as within the yolk sac of the embryo [5] . This correlated with the idea that DNA would be present wherever there is apoptotic activity and, or tissue remodeling, such as the developing preimplantation stage embryo [6] . Blastocoel fluid has been assessed for the presence of cfDNA and one study recently discovered that cell-free genomic DNA was found in about 90% of blastocoel fluid samples harvested during the vitrification process of IVF [7] . Thus, it was determined that cfDNA could potentially be quantified or even used for PGT-A by sampling the day-5 blastocoel fluid of an embryo, termed blastocentesis [8] .
The presence of blastocoel cfDNA has led to the question of what is its purpose in embryonic development. Cell-free DNA has been previously studied in the context of cancer and has been correlated with apoptotic and necrotic cell events, which can be measured via caspase activity [9] . Abnormal embryo development has also been associated with altered caspase-3 levels [10] . Studies also suggest that the amount of cfDNA may represent genetic corrections. Tobler et al. [8] reported that euploid blastocysts can marginalize aneuploid cells to the blastocoel fluid during early embryogenesis. Thus, it has been postulated that competent embryos may be identified via quantifying the cfDNA content released by the embryo [11] . Therefore, this study's objectives were to (1) determine if cfDNA is present in blastocoel fluid, (2) determine if it correlates with embryonic morphology, and (3) determine if it correlates with caspase-3 protease activity.
Materials and methods
Blastocoel fluid was obtained following standardized IVF procedures including fertilization of the eggs via intracytoplasmic sperm injection and embryo culture (Institutional Review Board approved) from two collaborating institutions (University of Texas Health Center, San Antonio, TX; Premier Fertility, High Point, NC) prior to being shipped to USCSOM Greenville for cfDNA and caspase-3 analysis. The blastocyst-stage embryos were graded (single individual at each institution providing the samples) via the Gardner and Schoolcraft System [2] . Briefly, day-5 blastocysts are observed and are assigned a numerical score 1 to 6 based on the degree of expansion and hatching, from early blastocyst having a blastocoel cavity with less than half of the total volume (grade 1) to being totally hatched from the zona pellucida (grade 6). Inner cell mass (ICM) and trophectoderm (TE) are assessed and assigned with alphabetical score A (best; ICM, a tightly packed ICM with many cells; TE, many cells forming a cohesive epithelium), B (moderate quality; ICM, loosely grouped ICM with several cells; TE, few cells forming a loose epithelium), and C (relatively poor; ICM, very few cells and disorganized; TE, very few large cells). For example, a fully expanded blastocyst with a tightly packed ICM and multicellular epithelium would be graded B4AA.Â n algorithm was created to convert the Gardner and Schoolcraft systems alphabetical (ICM and TE grades) and numerical (expansion grade) values to a single numerical score. Rehman et al. [12] devised a numerical score for embryos by assigning a number to each category of the Gardner scale and multiplying them (i.e., a B4AB^graded embryo would become 4 × 4 × 3 = 48). Our new algorithm included a weighted significance to determine the most viable embryo as follows: weighted embryo morphology score = (expansion grade × 3) + (ICM grade × 2) + (TE grade × 1).
Blastocoel fluid from 32 embryos following laser-induced blastocoel collapsing was collected prior to cryopreservation. Individual blastocysts were placed in separate medium (Global Total; LifeGlobal Group, Guilford, CT) drops (25 μL each) under oil and a laser pulse was directed at the cellular junctions between trophectoderm cells. As cell junctions open, pressure is released and the blastocyst collapsed in and upon itself, inducing the blastocoel fluid (~0.001 μL) [13] to be extruded into the 25-μL drop of medium. The collapsed blastocyst was removed and cryopreserved. Each individual medium drop (25 μL) containing the blastocoel fluid (~0.001 μL) was collected, mixed (via pipetting), and stored at − 70°C for further analysis. Non embryo-conditioned media (HTF + 10% human synthetic serum) served as a control.
To quantify the cfDNA concentration in the blastocoel fluid, an AccuBlue NextGen dsDNA Quantification Kit (Biotium, Fremont, CA) was used with emissions detected by a NanoDrop 3300 fluorospectrometer (Thermo Fisher Scientific, Waltham, MA) per manufacturer instructions. Briefly, the quantitation kit uses a fluorescent dye that binds specifically to dsDNA; therefore, the quantity of dsDNA can be determined by measuring fluorescence intensity combined with a standard curve of known DNA concentrations. After a standard curve was generated, 2 μL of conditioned media for each embryo was quantified independently. Assay sensitivity is 2 pg with a linear range of 1-500 ng/mL for the AccuBlue NextGen dsDNA Quantification Kit and the NanoDrop 3300 fluorospectrometer. The specificity of the AccuBlue NextGen dsDNA is 10-fold more sensitive for dsDNA than that for ssDNA or RNA [14] .
Once the cfDNA had been quantified, the blastocoel fluid was then analyzed for caspase-3 activity using an in vitro assay. Detection of caspase-3 protease activity in the blastocoel fluid may indicate that apoptosis occurred within the embryo, whereby the intracellular contents of cells that underwent apoptosis were discarded into the blastocoel cavity. A caspase-3 cellular assay kit (Enzo Life Sciences, Farmingdale, NY) was used to assess protease activity that utilizes a fluorogenic peptide that active caspase-3 cleaves due to its high specificity for the peptide's amino acid sequence. If the fluorogenic peptide substrate is cleaved by active caspase-3, then emission of the substrate can be detected in the 420-460-nm wavelength range. Ten microliters of each blastocoel fluid sample was added to individual wells containing assay buffer in a blackbottom 96-well plate (both provided in the kit). Human, recombinant caspase-3 (provided in the kit) was used as a positive control and was added to control wells containing buffer in the same 96-well plate. Wells containing buffer alone (no enzyme or blastocoel fluid) served as a blank/background reading. As per manufacturer's instructions, 30 μM of Ac-DEVD-AMC (caspase-3-specific fluorogenic substrate) was added to individual wells in the 96-well plate. The 96-well plate was then run on a Tecan Infinite M1000 fluorescence intensity program to analyze the emission of fluorogenic peptide cleavage (Ex 360 nm/Em 460 nm). The emissions generated (AFU) from each well were measured every minute over a total of 45 min. The value that was recorded was from when the emissions stabilized. The emissions were subtracted from the background buffer emission and then analyzed in conjunction with the cfDNA concentration data.
Statistical analyses were performed using SigmaPlot 14.0 (SysStat Software, Inc., San Jose, CA). Linear regression was used to determine the statistical significance between embryo morphology scores, cfDNA concentrations, and caspase-3 protease activities. Differences were considered significant if P < 0.05.
Results
Blastocoel fluid from a total of 32 day-5 embryos were analyzed as described with the mean values presented in Table 1 . No differences were observed between the two IVF centers; therefore, the data was combined into a single data set. The table reports the total number of embryos used (32) and the average embryo score based on the algorithm described earlier (21.125). The percentage of blastocoel fluid samples that were positive for cfDNA was also recorded (100%) along with the mean cfDNA concentration (133.55 ng/mL) and the percentage of blastocoel fluid samples that were positive for caspase-3 protease activity (78.1%).
Embryo morphology scores ranged from 15 to 27, with a mean of 21.125. cfDNA content (ng/mL) ranged from a low of 32.3 ng/mL to a high of 315.3, with a mean of 133.55. Caspase-3 protease activity (AFU) ranged from undetectable levels to a high of 2226.6 AFU, with a mean of 383.8 AFU.
The maximum embryo morphology score of 27 had a cfDNA concentration of 266.5 ng/mL and the minimum embryo score of 15 had a cfDNA concentration of 109.9 ng/mL (Fig. 1 ). There was a significant (p < 0.01) and positive correlation [cfDNA = 104.753 + (11.281 × score); R 2 = 0.200] between embryo morphology score and cfDNA. There was a significant (p < 0.05) and positive correlation [cfDNA = 115.9 + (0.05 × caspase − 3); R 2 = 0.128] between caspase-3 protease activity and cfDNA (Fig. 2) . The weighed embryo score was also compared to the caspase-3 protease activity; however, there was no significant relationship between the two.
Discussion
To develop the algorithm used in this paper, several studies were evaluated. Rehman et al. [12] devised a numerical score for embryos by assigning a number to each category of the Gardner scale and multiplying them (for example, 4AB would become 4 × 4 × 3 = 48) [12] . While this numerical score did correlate with implantation potential, live birth did not [2] . The algorithm developed in this project modified this calculation to reflect literature studies that found that the blastocyst expansion and inner cell mass grades predicted live birth rates while there was no association of trophectoderm score with live birth rates [15] . However, the importance of the trophectoderm has been debated in other published papers [16] .
Palini et al. [7] discovered that cell-free DNA was found in about 90% of blastocoel fluid samples produced from IVF. Our study provides further evidence that cfDNA is present in blastocoel fluid and is quantifiable supporting this previous research. Our study also indicates that cfDNA positively correlates with a high embryonic morphology score, which suggests that the better the embryo morphology, the higher the cfDNA concentration.
One theory as to why this occurs comes from Tobler et al. [8] that reported that euploid blastocysts can marginalize aneuploid cells to the blastocoel fluid during early embryogenesis. Therefore, the cfDNA would be representative of aneuploid cells that a viable embryo had marked for apoptosis. Another theory is that cfDNA could represent normal development from the breaking and repairing of DNA as the embryo develops, and thus higher cfDNA concentrations could represent remodeling of the viable embryo. These avenues of potential causes will be further researched in future studies.
Cell-free DNA has also been previously correlated with apoptotic events, which can be measured via caspase activity [9] . In our study, we discovered that there is detectable caspase-3 protease activity in the blastocoel fluid and that it positively correlates with cfDNA. The active caspase-3 in this fluid likely originated in embryonic cells undergoing apoptosis as this active enzyme is required for this programmed cell death process. The intracellular contents of the cells that underwent apoptosis were discarded into the blastocoel fluid which included the active caspase-3 enzyme. Our results confirm that cfDNA in the blastocoel fluid may be present, in part, due to apoptosis. However, due to the undetectable amounts in seven samples, this suggests that apoptosis might not be the complete explanation of cfDNA presence. Other mechanisms may include another caspase pathway (e.g., caspase-8), cellular remodeling, or autophagy. In relation to the caspase-3 activity, Spanos et al. [17] were able to identify BAX and BCL2 in blastocysts using immunohistochemistry and further detected caspase activity after compaction at the morula and blastocyst stages. This finding correlates with our detection of caspase-3 activity in the blastocoel fluid. More studies are needed to further elucidate the role of cfDNA in blastocoel fluid.
Overall, our results confirm that cfDNA resides in blastocoel fluid and its' presence is possibly due in part to apoptosis during preimplantation embryo development. Further defining the role of cfDNA in embryogenesis will allow for more avenues to determine the best viable embryo in the future. This study's results have the possibility of effecting the way in which the best embryos are selected for implantation, with further confirmation of viable embryos with higher cfDNA concentrations.
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